Polymers with reversible elongation upon cooling (EUC) and contraction upon heating (CUH) enabled applications in actuators, fasteners, dampers, grippers, swimmers, sealants, etc. With the current working temperature being limited to mainly above zero Celsius, applications for subzero Celsius environments are obstructed. In addition, current reversible actuation needs a constant tensile load, or for the best case, under zero tensile load. Reversible EUC and CUH under compressive load is almost impossible and has not been explored. In this work, a cis poly(1,4-butadiene) based system has been developed. Actuated below zero Celsius, 69% EUC occurred under a tensile load; and 6.2% EUC and 17.9% CUH occurred under 0.05 MPa compressive load. The reversible actuation was driven by both entropy and enthalpy, which was validated by a series of characterization tools.
In addition to the well-known applications of 2W-SMPs, 2W-SMPs with EUC and CUH may find additional applications, particularly with actuation at subzero Celsius temperatures. For example, low temperature cracking is unavoidable in asphalt pavement 36 , and both cracking and joint are inevitable in Portland cement concrete pavement 37 . These joints or cracks, if not sealed properly, will entrap debris and allow water to penetrate into the surface layer and layers beneath, leading to premature structural failure. Clearly, the sealant material needs to perform thermally opposite to construction materials, i.e., EUC and CUH, to keep tight sealing in the winter and to avoid sealant squeezing out of the joint/crack space in the summer. Due to the reversible EUC and CUH, the 2W-SMPs may be suitable for application as sealant to seal joints and cracks in pavements and bridge decks. The EUC is particularly useful because low temperature cracking is a quite challenge problem and has not been adequately solved up to the present time. Similar applications may be found as gasket for pipelines, which is a critical component for oil and gas transport where the pipeline is exposed to daily temperature fluctuations.
In this study, we synthesized a crosslinked poly(1,4-butadiene) (97% cis content) with 3 wt% dicumyl peroxide. The reversible EUC and CUH under a constant tensile load was investigated, particularly actuation below 0 °C. The reversible actuation without the external tensile load, and even under an external compressive load, was then studied. The mechanisms driving the giant reversible actuation were investigated through a series of physical, mechanical, and chemical characterizations.
Results and Discussions
Reversible EUC and CUH below 0 °C. Several In Fig. 1a , the heating/cooling rate was 10 °C min −1 . The specimen was first tensile stretched to 125% strain. Actuation of 97% EUC and 78% CUH were achieved under 0.21 MPa tensile stress when sweeping temperature between −35 and 60 °C. The temperature window was then expanded to −45 to 65 °C and the test results indicated a 106% EUC and 101% CUH. The results at such low temperature (−45 °C) pushed the working temperature limit of cPBD to far below 0 °C while also achieving significant actuation (>100%). Additionally, immersing the specimen in rain water at room temperature for 4 months or boiling it in saturated salt water for 2 hours has NO influence on the performance, which proves the possibility of applying cPBD in wet and snowy outdoor environment such as sealant in pavement.
In Fig. 1a , the actuation strain increased from 117% to 171% after ten thermomechanical cycles. This indicates a creep effect of (171 − 117%)/10 = 5.4% on average for one cycle. For most 2W-SMP systems, creep effect, or hysteresis actuation, is a disadvantage. However, when applying cPBD as joint sealant, the hysteresis actuation is needed. Concrete pavement joints double their widths after 5-10 years of service. The hysteresis actuation of cPBD will accommodate the gradual joint widening. Furthermore, the creep effect directly relates to the external load during the 2W-SME study. It is generally true that the higher the external tensile load, the larger the creep effect. This provides a strategy to tune the creep according to the target application. It is worth mentioning that the creep effect will not lead to complete permanent strain. After load removal at the end of the test, more than 95% strain increase from creep will be recovered, i.e., the majority of the creep is actually viscoelastic deformation.
To compare the influence of heating/cooling rate on the 2W-SME and visualize the details of strain changes during temperature sweeping, 1 °C min −1 heating/cooling rate was used in Fig. 1b . From point i (60 °C) to ii (−10 °C), the actuation strain increased from 48% to 154% within 66.5 mins (1.6% min −1 ). From point ii (−10 °C) to iii (−23 °C), the strain increased from 154% to 205% within 11.6 mins (4.4% min −1 ). The slope change during cooling indicates two possible contributing mechanisms. From point iii (−23 °C) to iv (−50 °C), the specimen contracted 3.7% due to the positive coefficient of thermal expansion (CTE). The specimen should have been fully crystallized at −23 °C under such big strain (167% pre-strain + 205% current reading = 372%). It indicates that large pre-strain (e.g. 372%) is not preferred for applications requiring reversible actuation within −23 °C to −50 °C. From point iv (−50 °C) to v (0 °C), the specimen elongated 7.5% due to the positive CTE. With increase from 0 °C to 6 °C (point vi), the specimen experienced a quick shrinkage of 64%. Further increasing the temperature to 60 °C led to a relatively slower strain decrease of another 58%. Therefore, with 1 °C min −1 heating/ cooling rate, overall 153% EUC and 114% CUH were achieved with obvious slope changes of the strain curves. As compared with 10 °C min −1 heating/cooling rate, the reversible actuation with 1 °C min −1 heating/cooling rate is larger. It is due to the larger pre-strain (125% vs. 167%) and the creep effect (Fig. S10, Supplementary  Information) .
The melting and crystallization temperatures of the cPBD are −8.7 and −34.9 °C, respectively (Fig. 1c) . However, in Fig. 1a ,b, tremendous actuation can be seen when sweeping temperature above 0 °C and there are clear slope changes in the strain curves around the crystallization temperatures for cooling curves and around the melting temperatures for the heating ones. To better understand the mechanism, different working temperature windows were investigated (Fig. 1d,e) with heating/cooling rate at 5 °C min −1 . The highest temperature (T high ), the lowest temperature (T low ), CUH, EUC, the temperature at the slope changing point (T turn ) and the strain change (ΔƐ) before and after T turn for each cycle are listed in the in-set tables below each figure. In Fig. 1d , the actuation of cPBD was studied at temperatures above its crystallization transition. The external tensile stress was 0.21 MPa. The CUH was 3-17% and EUC was 11-14% at relatively low pre-strain ~69%. It shows that cPBD has clear 2W-SME above its crystallization temperature, which was not due to crystallization/melting transition (the well acknowledged mechanism for semicrystalline shape memory polymers). Since cPBD was in amorphous state within these temperature windows, it is believed that entropic elasticity is responsible for the reversible actuation above the crystallization/melting transition.
The temperature window was expanded in Fig. 1e and the external tensile stress was 0.19 MPa. The slope changing points are labeled with either red arrows for heating cycles or green arrows for cooling ones. For the cooling cycles, the temperatures at the turning points (T turn ) were from −24 to −25 °C, around the crystallization temperature of cPBD. Below T turn in the cooling cycles, the slopes of the strain curves increased, indicating enhanced contribution of crystallization induced elongation. For the heating cycles, the specimen first expanded slightly before reaching to its melting point, due to the positive CTE. Then contraction upon further heating happened with a steeper slope due to the significant contribution of melting induced contraction. After reaching 4.5 to 7 °C, the slopes of the strain curves decreased. The continuous contractions after T turn were due to entropic elasticity. The melting/crystallization contributions to the strain actuations in the in-set table are labeled in red. It can be seen that the melting/crystallization contribution was limited as compared to entropy elasticity.
The giant EUC and CUH were demonstrated (Movie S1, Supplementary Information). The setup and dynamic process are shown in Fig. S7 and Table S2 in the Supplementary Information. Two screenshots are shown in Fig. 1f . The specimen with a mass of 0.067 g was tested with 130 g (equals 0.18 MPa) weight hanged, indicating the cPBD can easily lift up and actuate under the weight which is 1,940 times heavier than itself. The original length of the specimen was 1.0 cm and it became 4.2 cm after loading 130 g weight. The length became 6.2 cm during cooling and 4.5 cm during heating (100% × (6.2 − 4.5)/1 = 170% strain actuation).
Reversible EUC and CUH under Compressive Load. While reversible EUC and CUH under tensile load and without any load have been explored by researchers, polymers with reversible EUC and CUH under compressive load has never been investigated. Such actuations under compressive load are needed in many applications. For example in biomimetic crack healing, compressive load helps crack closure and thus ultimate healing 33 . In Fig. 2a , the specimen was first stretched to 76.9% strain. Then, a compressive stress of 0.0002 MPa was applied, and the specimen was subjected to thermomechanical cycles. Three cycles with EUC and CUH can be seen. The actuation values are summarized in the in-set table. By keeping the low temperature the same (−45 °C) and elevating the high temperature from −0.5, to 2.6, and to 3.1 °C, the CUH and EUC values both increased. In the second test (Fig. 2b) , the compressive load was increased from 0.02 to 0.05 MPa. The reversible CUH and EUC were still achieved. It is confirmed that the CUH was due to reversible actuations, not specimen buckling and compressive strain by the compressive load. The applied compressive load was 0.5 N, while the buckling load was 35 N. The compressive strain by the compressive load was 0.073%, which is much smaller than the CUH (detailed calculations in the Supplementary Information). In Fig. 2c , the cPBD shows positive CTE behavior, which expands upon heating and contracts upon cooling (detailed discussion in Supplementary Information). It indicates that the CUH and EUC do not come from the negative CTE and programming is the requirement for the specimen to display such reversible actuation. In Fig. 2d , the mechanism for actuation under compressive load is proposed. Partial melting induced the CUH effect and cooling below the crystallization temperature led to the elongation of the specimen with only partial strain recovery compared to the state before heating. Further heating and additional partial melting led to contraction upon heating again. The energy stored within crystals and bond length changes during cooling served as the driving force for the remarkable reversible actuation subjected to compressive load.
Mechanisms for the Reversible EUC and CUH of the cPBD. The crystallization-melting transition of the cPBD was characterized with in situ X-ray diffraction (XRD) and cryogenic scanning electron microscopy (cryo-SEM) (Fig. 3) . As-prepared, 100% and 200% tensile stretched specimens were subjected to XRD scans. All specimens experienced a cooling cycle from 0 to −20, −40 and −60 °C, followed by a heating one from −60, to −40, −20, and 0 °C so that the melting and crystallization transitions can be captured. For the as-prepared specimen (Fig. 3a) , a small lump at 21.9° appeared at −40 °C, indicating the presence of crystalline phase. At −60 °C, two sharp peaks at 18.7° and 22.2° with a small peak at 27.7° indicate more crystal formations. During heating, peak intensity drop can be observed by heating the specimen to −20 °C. This crystal melting correlates well with the cPBD melting transition from −22 to −5 °C based on DSC (Fig. 1c) . At 0 °C, the specimen returned to its amorphous state.
For the 100% stretched specimen (Fig. 3b) , three sharp peaks appeared at the same positions as compared to the as-prepared specimen at −40 °C with stronger diffraction intensities. Cooling to −60 °C then heating Similarly, the diffraction peaks of the 200% stretched specimen become sharper and stronger, indicating the increased crystallinity with the increase in the pre-strain (Fig. 3c) . The crystal formation started above −20 °C. Further cooling to −40 and −60 °C and heating back to −40 °C showed no influence on the crystallinity since the specimen was fully crystalized at −40 °C. Slight melting at −20 °C and amorphous state at 0 °C were then observed.
Clearly, increase in the pre-strain will elevate the crystallization/melting temperatures (also noticed in Fig. 1c ) as well as the crystallinity, and consequently enhance the reversible EUC and CUH (Fig. 1) . In other words, the actuation of the cPBD is tunable depending on the requirement of the working temperature range and actuation level for a specific application.
The crystallinities at two selected temperatures were determined by comparing the peak area between crystalline and amorphous phases using PDXL software (Table 1) . Pseudo-Voigt peak function was used for peak fitting. At each temperature, the crystallinity increased with the increase in pre-strain. For each specimen, lowering temperature from −20 to −40 °C leads to crystallinity increase. The peak at 21.9° was generated from (0, 0, 2) plane, therefore the d-spacing for the 21.9° peak and the corresponding strain change (ΔƐ) upon stretching were calculated. In consideration of the modulus of the specimen at −40 °C (165 MPa from Fig. S1 , Supplementary Information), the residual stress within the crystals can be calculated and is given in Table 1 . The residual stress generated and stored upon stretching and cooling below the crystallization transition is believed to be the driving force for the reversible actuation with zero load or with compressive load.
The surface morphology of the as-prepared specimen was visualized with cryo-SEM at −60, −40, −20, and 0 °C. At −60 °C (Fig. 3d) and −40 °C (Fig. 3e) , nanoscale fibrous structures can be seen throughout the entire surface. When increasing temperature to −20 °C, the amount of the fibrous nanostructures reduced significantly and multiple plateau areas appeared, indicating melting of crystalline domains (Fig. 3f) . At 0 °C, fibrous structures completely disappeared which means that the specimen was at its molten state (Fig. 3g) . This result correlates well with the observations from XRD and DSC studies.
Raman spectroscopy was conducted to monitor whether there was any peak shifting or bond length change during tensile stretching or crystallization (Fig. 4) . No peak shifting was noticed between the specimens with different pre-strains at room temperature (Fig. 4a) . Upon crystallization, it is believed that bond length change will be involved to store energy (Fig. 4b) . When dropping temperature of the as-prepared specimen from 0, to −20, −40 and −60 °C, obvious shifting of the signature peaks can be seen (Fig. 4c-f ). Since no external load was applied during the crystallization process, the chemical bond shift is believed to be due to internal stress in the lattice structure. The internal stress can be estimated to be 0.74 MPa (detailed calculations in the Supplementary Information).
The giant reversible EUC and CUH of the cPBD can be attributed to a combination effect of entropic elasticity and crystallization/melting transition. For most semicrystalline polymers, crystallization/melting transition is the driving force for the reversible actuation, which is also true for the cPBD in the melting/crystallization zone. However, the cPBD exhibits even larger actuation at temperatures above the crystallization temperature. This unique behavior has both its molecular origin and morphology contribution. It is believed that the reversible actuation above the crystallization temperature is entropy driven due to the large percentage of C=C bonds and the mesogen-like morphology. With isolated C=C bonds in the backbone, the flexible backbone of cPBD can easily bend into different configurations, which can contribute to significant entropy reduction after stretching. This is unique since most entropy driven shape memory polymers exhibit irreversible actuation only and most semicrystalline shape memory polymers depend on crystallization/melting transition only, and thus have limited reversible actuation. The crystallization process of the stretched cPBD can store sufficient stress in terms of enthalpy increase. Therefore, the reversible EUC and CUH of the cPBD is driven by both entropy and enthalpy (Fig. S14, Supplementary Information) .
Therefore, to our knowledge, in order to prepare a polymeric system with giant 2W-SME, or 2W-SME with zero tensile load or with compressive load, decent crystallinity of the material itself or high crystallinity induced by stretching, plus high entropic elasticity, should be considered. To prepare a polymeric system with performance comparable with the current system, low melting and crystallization temperatures are also required. The cPBD system may be the first 2W-SMP that exhibits expansion subjected to compressive load. It may lead to application of this polymer in many areas of study such as sealant in pavement and bridge deck, gasket in pipeline, etc.
Conclusion
Here, we report a new two-way shape memory polymer (2W-SMP) made of crosslinked cis poly(1,4-butadiene) (cPBD) that can be actuated below 0 °C with giant actuation strain. To the best of our knowledge, for the first time, (1) over 150% EUC and over 110% CUH in the working temperature range of −45 to 60 °C were realized under external tensile load; (2) 17.9% CUH and 6.2% EUC under 0.05 MPa compressive load were realized in this study. It was found in this study that the giant 2W-SME of cPBD is cooperatively driven by both entropy and enthalpy. It is believed that this system may find applications in many outdoor structures and devices where actuations are triggered by natural temperature change. 
Methods
Cis poly(1,4-butadiene) (PBD) under trade name Budene 1208 and Budene 1280 from Goodyear Chemical (Akron, OH, USA) were used as the reagents. Their viscosities are 46 and 40 (Mooney ML 1 + 4 @ 100 °C) respectively. Their onset glass transition temperature is −104 °C. All specimens used Budene 1208 as the raw material. Budene 1280 was tested to compare the reversible actuation with Budene 1208 in the supplementary text (only appears in Fig. S6 ). The solvent, chloroform, from Sigma-Aldrich (St. Louis, MO, USA), was used to dissolve cis polybutadiene. A sticky homogeneous solution was acquired after overnight stirring. The curing agent, dicumyl peroxide (DCP), from Sigma-Aldrich, at the amount of 3 wt% of cis polybutadiene, was added into the solution. The DCP amount of 1 wt% or 5 wt% was also used for comparisons (Fig. S5) . After well mixing of the dicumyl peroxide with cis polybutadiene solution, chloroform was removed either by rotavap or simple evaporation. The dried cis polybutadiene and dicumyl peroxide mixture was then clamped in a Teflon mold and cured for 30 min in a 150 °C oven. The crosslinked cis polybutadiene (cPBD) in a semi-transparent color was yielded.
Dynamic mechanical analyzer (DMA) was used to investigate the thermomechanical properties of the cPBD. The temperature sweep was acquired with multi-frequency-strain mode using Q800 DMA (TA Instruments, DE, USA). The amplitude was 15 µm, the frequency was 1 Hz, and the temperature sweep range was −60 to 80 °C. The temperature ramp rate was 3 °C min −1 . The reversible EUC and CUH under tensile load, zero load, and compressive load, as well as irreversible actuation under tension were studied using controlled-force mode. Load and temperature were pre-programmed and the strain change can be precisely recorded. The heating and cooling rate was either 10, 5 or 1 °C min −1 . Differential scanning calorimeter (DSC) study was conducted using PerkinElmer DSC 4000 (MA, USA). The cPBD of about 5-10 mg was placed in an aluminum pan and scanned between either −55 to 0 °C or −15 to 20 °C with heating and cooling rates at 5 °C min −1 . Three specimens including an as-prepared, a 100% stretched and a 200% stretched were tested. The purging rate of the nitrogen gas was 30 mL min −1 . The second heating and the first cooling cycles are shown so that the thermal history can be eliminated from the first heating cycle. The melting temperature and the crystallization temperature are labeled in the plot.
The Raman spectroscopy of an as-prepared, a 100% stretched and a 200% stretched specimens at room temperature was performed on inVia Raman Microscope (Renishaw, Wotton-under-Edge, United Kingdom). 633 nm laser and 1800 l mm −1 (vis) grating were used. The exposure time was 10 s and laser power was 5%. The in situ Raman spectroscopy of the as-prepared specimen for a cooling cycle from 0, to −20, −40 and −60 °C was acquired on Horiba Xplora PLUS Confocal Raman Spectroscopy with Linkam stage. The specimen was hold at each desired temperature for 10 min before the acquisition of the Raman spectrum. 532 nm laser and 600 l mm Fourier-transform infrared spectroscopy (FT-IR) was used to scan and compare four specimens with Nicolet 6700 FTIR Spectrometer in the scan range of 4000-600 cm −1 at room temperature. The specimens include PBD, PBD and DCP mixture, cPBD, and 300% stretched cPBD.
The shape memory and recovery force test under compression load was conducted using eXpert 2610 MTS (ADMET, Norwood, MA, USA). The control software was MTESTQuattro. The temperature in the thermal chamber was controlled by E5AC-T digital controller (OMRON, Japan). The cPBD was first compressed to 50% of its original length at room temperature. Then the temperature of the oven was dropped to −20 °C (above its crystallization temperature) for about 10 min to temporarily fix the shape. Upon load removal and bringing MTS clamp just in contact with the compressed cPBD specimen without applying force, the recovery force curve was recorded with increase of the temperature in the oven.
The energy conversion efficiency test was conducted on MTS in tension mode. First, the specimen was tensile programmed to 200% strain at room temperature. Then the temperature of the thermal chamber was reduced to −45 °C to fix the programmed shape. The area integration of the programming plot was the energy input for the 200% tensile specimen. To acquire a series of data points for recovery force vs. displacement plot, 20 displacement values were selected and the corresponding force values were recorded. The area integration of the recovery force vs. displacement plot was the energy output for the 200% tensile programmed specimen.
A video shown the visual demonstration of the reversible actuation (quasi 2W-SME) was included in the supplementary information. Several screen shots of the process were displayed to demonstrate the giant reversible actuation under tensile load. Regarding the setup for recording the video, the cPBD bar was confined in between two clamps. The weight of 130 g (0.18 MPa) was hung to the specimen. A thermocouple was secured adjacent to the specimen and the real-time temperature can be read from the screen. Heating and cooling were generated from hair dryer and liquid nitrogen gas, respectively. Two heating and cooling cycles were proceeded as shown in Movie S1. Screen shots with the lengths of the specimen at that moment are included. Since the demonstration was recorded in open environment and there was a reasonable distance between the specimen and the thermocouple, a slight temperature difference reasonably existed between the specimen and the reading on the thermometer. In comparison, the strain changes vs temperature rise/drop at fixed stress can be accurately read through DMA plot.
The in situ X-ray diffraction (XRD) was performed on a Panalytical Empyrean diffractometer by using Cu as the anode material. It scanned from 5° to 40° in a step size of 0.026° at generator voltage of 45 kV and current of 40 mA. The count time is 80 sec per step. The sample stage used in the experiment was TTK-450. For each specimen, the temperature of the chamber was first decreased from 0 °C to −20 °C, −40 °C, and −60 °C, then heated it up to −40 °C, −20 °C and 0 °C. The heating/cooling rate was 5 °C min . When reaching to the desired temperature, the system was hold at that equilibrium for 10 mins prior to XRD scan.
The as-prepared specimen cPBD was also visualized with cryogenic scanning electron microscopy (cryo-SEM) (JEOL 7600 F with Gatan Alto) using secondary electrons. The specimen surface was coated with gold for about 6 nm. The accelerating voltage was 5 kV and the working distance was 8.8 mm. The images were taken at temperatures of −60 °C, −40 °C, −20 °C, and 0 °C respectively.
